>Mixed-cytotype populations are ideal to understand polyploid establishment and diversification. We used the orchid Zygopetalum mackayi to understand how facultative apomictic reproduction relates to polyploidy. Sexual diploids and facultative apomictic tetraploids occur under distinct niches, with a contact zone where triploids occur. We hypothesized that facultative apomictic reproduction increases the fitness of tetraploids through reproductive interference between cytotypes. We predict patterns of genetic diversity of allopatric tetraploid populations to be significantly different from contact zone populations as a result of dominant apomictic reproduction in the later. We also describe the contact nature of diploids and tetraploids and the role of the intermediate triploids based on patterns of genetic structure within and among pure and mixed-cytotype populations.
INTRODUCTION
Populations composed by two or more cytotypes (i.e. individuals with different numbers of chromosomes in their somatic cells) are ideal to understand the role of polyploidy in lineage diversification (Kolář et al. 2017 ). The physical proximity of different cytotypes allow inference on the magnitude of inter-cytotype reproductive isolation and of conditions for polyploid establishment (e.g. Trávnícek et al. 2011; Kolář et al. 2012) . Therefore, describing the patterns of genetic diversity within and among cytotypes is a valuable tool to understand the origin of polyploid populations, the competitive dynamics among cytotypes, and the effect of distinct reproductive strategies on partitioning genetic diversity (Karunarathne et al. 2018) .
Mixed cytotype contact zones can be formed when polyploids arise and coexist with their direct progenitors in a primary contact zone. Alternatively, distinct cytotypes can evolve in allopatry and range expand to a secondary contact zone (Petit et al. 1999; Husband et al. 2013) . When triploids occur in primary or secondary mixed-cytotype populations they usually act as a barrier to gene flow between populations with distinct ploidies because of their reduced adaptability (Ramsey & Schemske 1998) or because of a triploid block (i.e. massive abortion of triploid seeds caused by failure of the endosperm tissue, Marks 1966; Köhler et al. 2010) . The production of low fitnesstriploids is expected to cause the exclusion of rare and unfit new cytotypes in a frequencydependent process called minority cytotype exclusion (MCE) (Levin 1975; Felber 1991 , Husband 2004 ). However, when fertile or partially fertile triploids exist, they may promote coexistence of multiple cytotypes through a triploid bridge (i.e. union between haploid gametes produced by diploids and unreduced triploid gametes produced by triploids, resulting in tetraploids, Ramsey & Schemske 1998) , even when they are rare (i.e. Verduijn et al. 2004 ).
Asexual reproduction is usually correlated with polyploidy and within-population cytotype diversity (Kolář et al. 2017) . Reproductive interference results from negative effects of any interspecific sexual interaction on fitness (Ribeiro & Spielman 1998) , such as intercytotype crosses between sexual diploids and higher-ploidy apomicts. Apomictic cytotypes capture pollen from exclusively sexual cytotypes, decreasing its reproductive success, whereas intermediate cytotype progeny produced with diploid pollen compete with polyploid apomictic embryos and, therefore, rarely succeed (Hersh et al. 2016) . Previous attempts to identify whether intrinsic effects related to changes in the reproductive mode or in ploidy drive eco-geographical differentiation yield various results. Mau et al. (2015) concluded that ploidy, rather than mating system, determines a shift in ecological niches in Boechera spp., while Alonso-Marcos et al. (2019) found the opposite for Potentilla puberula and Schinkel et al. (2016) found no difference in ecological conditions of coocurring apomictic and sexual individuals of Ranunculus kuepferi. Ecological diversification of sexuals and apomicts were mainly explored in previously glaciated areas of the northern hemisphere (Hojsgaard & Hörandl 2015) . The transition from sex to apomixis is frequently associated with a major change in geographical distribution (i.e. geographical parthenogenesis) in which apomictic lineages occupied new environments that were severely affected by the glacial cycles of the Late Pleistocene (Kearney 2005) . In the tropics, the impact of glaciations on diversification patterns was far more complex, involving changes in elevation ranges and expansion-retraction dynamics (Markgraf et al. 1995) .
The orchid Zygopetalum mackayi Hook. is a good model to understand how facultative apomictic reproduction relates to polyploid ecological diversification in the tropics. Diploid (2N = 48) and tetraploid cytotypes (2N = 96) of Z. mackayi have a parapatric distribution and occur under different climatic conditions, meeting in a contact zone where triploids (2N = 72) are found (Gomes et al. 2018) . Tetraploids have a much larger distribution than diploids (Gomes et al. 2018) .
Populations dominated by tetraploids occur in areas of high annual precipitation and marked temperature, whereas populations dominated by diploids are in areas of low annual precipitation and subtle temperature seasonality. Mixed-ploidy populations occur in areas of intermediate climatic conditions (Gomes et al. 2018) . Triploids and tetraploids are facultative apomictic, producing sexual and apomictic embryos in the same fruit (Afzelius 1959) . Apomixis does not provide reproductive assurance in Z. mackayi. Although this species is self-compatible, it is dependent on large bees for fruit formation (Campacci et al. 2017) .
In this study, we test the hypothesis that facultative apomictic reproduction in Z. mackayi increases the fitness of tetraploids through reproductive interference. We predict patterns of genetic diversity of pure tetraploid populations to be significantly different of mixed-cytotype populations as a result of dominant apomictic reproduction in the contact zone. We also describe the contact nature of diploids and tetraploids and the role of the intermediate triploids based on patterns of genetic structure within and among pure and mixed cytotype populations of the orchid Z. mackayi.
MATERIAL AND METHODS

Sampling and DNA extraction
One hundred and fifty-five individuals were sampled from six populations in and around the contact zone of cytotypes based on the cytogeographic study of Gomes et al. (2018) . Populations NB-2X and PD-2X are represented only by diploids, populations GAR-4X and MAR-4X only by tetraploids and populations ANG-M and PI-M by all three cytotypes, including triploids (Table 1, Fig. 1 ). Cytotypes were sampled for leaf tissue, identified and vouchered in the study of Gomes et al. (2018) . Total DNA was extracted with the NucleoSpin® Plant II kit (Macherey-Nagel, Düren, Germany) or the DNeasy Plant Mini Kit (QIAGEN Biotecnologia Brasil Ltda, São Paulo, Brazil).
Microsatellite library development
Six microsatellite-enriched libraries for each sampled population of Z. mackayi were prepared following Billotte et al. (1999) with modifications. Libraries were based on two diploid specimens from populations NB-2X and PD-2X, one triplod specimen from population ANG-M and three tetraploid specimens from populations GAR-4X, MAR-4X and PI-M. Voucher specimens for each library were deposited at the herbarium UEC (Universidade Estadual de Campinas, Brazil).
Genomic DNA was digested with the enzyme Rsa1 (Integrated DNA Technology-IDT, Coralville, USA) and the fragments resulting from digestion were linked to Rsa21 and Rsa25 adapters. Fragmentcontaining repeats were selected with (CT)8 and (GT)8 biotinylated oligos and recovered with streptavidin-coated magnetic particles (Streptavidin MagneSphere Paramagnetic Particles, Promega, Madison, USA). Enriched DNA fragments were amplified and cloned using the pGEM-T easy vector (Promega, Madison, USA) and transformed into XL1-BLUE Escherichia coli competent cells (Stratagene, Santa Clara, USA). Three hundred and thirty-six clones (48 from each library) were sequenced using universal T7 and SP6 primers with a BigDye v3.1 terminator kit on an ABI 3500XL Genetic Analyzer automated sequencer (Applied Biosystems, Foster City, USA).
The sequences had the vectors removed in the software Chromas (http://www.technelysium.com.au/), submitted to quality selection and conversion to the format FASTA in cap3 (Huang & Madan 1999) . The microsatellite motifs were searched using Gramene ssr finder tool (Temnykh et al. 2001) . Primers were designed in primer3plus (Untergrasser et al. 2007) according to the following parameters: 18 -26 bp primers; melting temperature (Tm) between 45 -65 oC, with up to 3 oC of difference between each oligo in a pair of primers; salt concentration of 50 mM; GC content between 40 -60%; fragment length between 100 -360 bp. (Table S1) Eight pairs of microsatellite primers were selected after a pilot study considering all 56 designed primers and one individual from each of the six populations (Table S2 ). The polymerase chain reaction (PCR) consisted of an initial denaturation at 95 °C for 5 min; 10 cycles of 95 °C for 1 min; with a touchdown from 63 °C to 54 °C (-0.5 °C/ cycle) for 1 min; 72 °C for 1 min; 25 cycles of 95 °C for 1 min; 52 °C for 30 s; 72 °C for 1 min; and a final extension at 72 °C for 5 min. The amplification mixture contained 20 ng of total DNA, 50 mM KCl, 20 mM Tris-HCl (pH 8.4), 1.5 mM MgCl2, 2 mM dNTPs, 1 mM of each primer (forward and reverse) and 1U of Taq polymerase. The success of amplifications of SSR loci was checked on agarose gel (2-3% w/v). For genotyping, PCR products were separated on 6% denaturing polyacrylamide gels for 3 hours at 250 volts and visualized by silver staining (Creste et al. 2001) . For each locus, polymorphism information content (PIC) (Botstein et al. 1980 ) was calculated using the polysat (Clark & Schreier 2017) for R 3.4.0 (R Development Core Team 2017).
Genetic and genotypic diversity
Analyses were first performed transforming the multilocus data into binary arrays of168 presence or absence of each allele for each individual. This data coding approach is169 commonly employed to genetic diversity studies in polyploids in which patterns of genetic inheritance are unknown (e.g. Sampson & Byrne 2011; Servick et al. 2015) . The genetic parameters estimated for each population were: total number of alleles (Na),172 number of private alleles (Np) and average ratio of heterozygotes per locus (Hp).173 Complementary, the number of multilocus genotypes (MGL) was calculated to174 approximate clonal (apomictic) data to panmictic populations and to remove the effect of genetic linkage (Kamvar et al. 2014) . This approach combines all alleles at each locus for each individual as a unique genotype to calculate the number of observed genotypes (richness), diversity and evenness. Genetic diversity within and among populations were estimated from three distinct indices as they accommodate the type of data used (allelic diversity): Shannon index (Shannon 2001), Simpson index (Simpson 1949 ) and Nei index (Nei 1978) . Parameter values were estimated using the poppr and181 polysat packages (Kamvar et al. 2014; Clark & Schreier 2017) for R 3.4.0 (R Development Core Team 2017).
Analyses considering only diploid cytotypes and codominant, non-clonal data were also performed. Genetic diversity parameters of observed (Ho) and expected heterozygosity (He) and the inbreeding coefficient (f) were estimated using the diversity package (Keenan et al. 2013) for R 3.4.0 (R Development Core Team 2017). Recent population bottleneck signs were also evaluated for diploid cytotypes using BOTTLENECK 1.2.02 (Piry et al. 1999) , considering deviations from the mutation-drift equilibrium. Two tests were used considering the indication of bottlenecks in the presence of significant excess heterozygosity: "Sign test" (Cornuet & Luikart 1996) and the "Wilcoxon sign-rank test" (Luikart & Cornuet, 1998) , both based on the Infinite Alleles Model (IAM) and Stepwise Mutation Model (SMM) (10.000 iterations, P-value < 0.05).
Genetic structure
The genetic relatedness among cytotypes was estimated based on Bruvo distances, using the package polysat (Clark & Schreier 2017) for R 3.4.0 (R Development Core Team 2017). Bruvo distances allow the comparison of individuals with different ploidy levels (Bruvo et al. 2004) . The nature of the contact between cytotypes (primary vs. secondary) was then evaluated using a discriminant analysis of principal components (DAPC), which does not rely on specific genetic models to infer genetic structure, hence, well suited for data which include individuals of different ploidy levels (Jombart et al. 2010) . Analyses were performed in using the find.clusters function of Pairwise estimates of Gst (Nei & Chesser 1983) and their significance based on 10000 permutations were calculated to evaluate population differentiation using the polysat package (Kamvar et al. 2014) . The estimates were plotted in a heatmap using the package heatmap3 (Zhao et al. 2014) for R 3.4.0 (R Development Core Team 2017).
RESULTS
Genetic and genotypic diversity
In total, 237 alleles were amplified from the eight microsatellite loci, 114 in diploids, 38 in triploids, and 85 in tetraploids. The number of alleles amplified per locus ranged from 16 at locus GARD2 to 40 at locus PI-1 (Table S3 ). Diploids and tetraploids shared 34 alleles (14%), diploids and triploids shared 24 alleles (10%) and triploids and tetraploids shared 20 alleles (8%). We identified 20 private alleles (8.4 %) in diploids, 9 in triploids (3.8%) and 12 in tetraploids (5.1%).
Estimates of genetic diversity for the analyzed populations are listed in Table 2 .
Intrapopulation genetic diversity (Na, Np, Hp, MLG, diversity indexes) was similar for the mixed cytotype populations (ANG-M and PI-M) in comparison to single cytotype populations (GAR-4X, MAR-4X, NB-2X and PD-2X) ( Table 2 ). Most individuals had distinct multilocus genotypes within and among populations. Only two individuals from population GAR-4X shared the same MLG (Table   2 ).
Analyses of genetic diversity considering only diploids reveled high genetic diversity, no evidence of inbreeding and an excess of heterozygotes for the three analyzed populations (NB-2X, PD-2X and PI-M) ( Table 3) . Analysis with the software BOTTLENECK did not show evidence for a recent bottleneck in any of the diploid populations (NB-2X, PD-2X and PI-M) (P > 0.05 for all test results) (Table S4) .
Genetic structure
PCA based on the distance of Bruvo et al. (2004) showed a clear divergence among cytotypes.
Individuals with the same cytotype, from all populations, clustered together in three different groups (Fig. 2) . Triploids clustered in an intermediate position between diploid and tetraploid cytotypes (Fig.   2 ). The DAPC grouped the cytotypes into ten clusters (K = 10, Fig. S1 ) indicating that the six sampled populations are genetically very distinct from each other (Fig. 3) . These clusters, however, did not correspond to the three cytotypes. AMOVA results were consistent with DAPC indicating that most genetic variance (55 %) is associated with individuals within populations (Table 4 ). The single-origin model (B) has considerably higher support than the multiple origin model(ΔAICc > 10; Table 4 ).
Global Gst estimate (0.233) is consistent with DAPC and AMOVA showing significant and large genetic differentiation among populations (Fig. 3) . Pairwise Gst ranged from -0.008 to 0.245 indicating that populations PI-M / MAR-4X and ANG-M / PD-2X are less genetically divergent than the other pairwisecombinations ( Fig. S2 ).
DISCUSSION
In this study we designed microsatellite markers for individuals from six populations of the orchid Z. mackayi to understand the relationship between facultative apomictic reproduction and the occurrence of multiple cytotypes in this species. Specifically, we tested the hypothesis that mixedcytotype populations of Z. mackayi present a higher incidence of apomictic reproduction than populations dominated by only one cytotype due to reproductive interference between sexual diploids and apomictic tetraploids. In addition, we describe the nature of contact between cytotypes in mixed populations (primary vs. secondary) and the origin of the intermediate cytotype. The results are discussed considering the role of apomixis in the evolutionary dynamics of Z. mackayi populations.
The nature of cytotype contact
Our results indicate the nature of contact between diploids and tetraploids of Z. mackayi is secondary and that intercytotype crosses produce hybrids with intermediate chromosome number.
Patterns of genetic structure and diversity clearly indicate individuals with the same chromosome number but occurring in different populations are genetically more similar to each other than to individuals with different chromosome number occurring in the same population. All triploids sampled in this study emerged as genetic intermediates between diploids and tetraploids (type I hybrids, Petit et al. 1999) . There are no triploids present in pure diploid populations, which rules out that triploid individuals have arisen through unreduced gamete formation (Ramsey & Schemske 1998) .
Our results agree with most studies available for mixed-ploidy populations which show diploids and tetraploids as dominant cytotypes resulting from secondary contact with the presence of a rare and intermediate cytotype (revised by Kolář et al. 2017) . To our knowledge, this is the first study to confirm a secondary contact zone of mixed-cytotype species from high-elevation rocky complexes (HERCs) from Brazil. Polyploidy is expected to occur in plants from montane environments such as the Eastern Brazilian HERCs, as polyploidy maintain heterozygosity despite inbreeding (James 1992; Hopper 2009 ). Yet, data from other stable, nutrient-poor mountainous environments are controversial. While in the Southwest Australian Floristic Region there is a high incidence of polyploids (Hopper 1979) , the Greater Cape Floristic Region, in southern Africa, has a low frequency of polyploids compared to global levels (Oberlander et al. 2012) . Additional factors, such as the frequency of hybridization events and the high physiological cost of polyploidy in the presence of phosphorous-poor soils (Šmarda et al. 2013; Guinard et al. 2016 ) may be important to explain the patterns of occurrence of polyploids in these environments.
Triploid block
Patterns of genetic diversity among populations and cytotypes of Z. mackayi emerged as highly structured with no evidence of relevant gene flow among populations nor introgression among cytotypes. The absence of gene flow and the high genetic diversity observed for intermediate cytotypes, despite the occurrence of facultative apomixis, suggest triploids are constantly being formed as F1 hybrids between diploids and tetraploids and that they have low fitness.
In strictly sexual, random mating species, less frequent cytotypes will be progressively removed from mixed cytotype populations because of the frequency-dependent mating disadvantage resulting from a triploid block (Marks 1966 (Felber & Bever; Ramsey & Schemscke 1998) . For example, in Ranunculus kuepferi, a female triploid bridge via unreduced egg cells is the major pathway toward polyploidization (Schinkel et al. 2017) , while in Rorippa spp., intermediate cytotype fitness varies in different hybrid zones related to hybrid genome size (Bleeker & Matthies 2005) . For Z. mackayi, the high frequency of intermediate cytotypes described for some populations (Gomes et al. 2018) cytotypes. We conclude that the intermediate cytotype of Z. mackayi is notimportant in the establishment of minority frequency cytotypes in mixed-cytotype populations. Rather, they act as a strong reproductive barrier between progenitor cytotypes.
The role of apomixis
We found no evidence of reproductive interference in Z. mackayi. Sampled populations sampled comprised of only sexual diploids (populations NB-2X and PD-2X), only facultative apomictic tetraploids (populations GAR-4X and MAR-4X) and mixed-cytotype populations (populations ANG-M and PI-M) showed high levels of genetic and genotypic diversity and, therefore, no evidence for significant asexual reproduction. Identification of residual sexuality can be difficult because similar levels of genetic variation are known to occur between apomictic polyploids and strictly sexual populations of plant species (Paun et al. 2006) . However, several studies showed a clear genetic signature of facultative apomictic reproduction. For example, in crosses between 4x sexual and 6x apomictic Hieracium spp., isozyme phenotypes and chloroplast DNA haplotypes were used to identify the frequency of non-maternal offspring (Krahulcová et al. 2004) . In contrast, the occurrence of sex and variable mechanisms of apomixis were identified by Barcaccia et al. (2006) for populations of Hypericum perfloratum based on RAPD, ISSR and AFLP fingerprints. In apomictic populations, genotypic diversity is higher among than within populations in comparison to sexual populations (Hörandl & Paun 2007) . Therefore, apomictic populations are expected to have higher levels of heterozigosity and genotypic diversity (i.e. multilocus genotype diversity) within and among populations, but lower genotypic variation when compared to sexual populations (Gornall 1999 , Hörandl & Paun 2007 .
The analysis of molecular variance of Z. mackayi populations revealed that more than half of the total genetic variation (55.3%) is present within the populations, as expected for non-apomictic populations. In contrast, Dias et al. (2017) found 74% of genetic variation distributed among populations of obligate apomictic Miconia albicans. Also, the analyses of genetic diversity and estimation of the number of multilocus genotypes within all populations of Z. mackayi indicated similar and high levels of genetic diversity among them. Only two individuals from population GAR-4X had the same MLG. In contrast, Barcaccia et al. (2006) found multiclonal populations, lower values for Nei's diversity index and multilocus genotypes for the facultative apomictic Hypericum perfloratum. Also, the analysis of codominant data for Z. mackayi diploids indicate it is exclusively allogamous, as expected for strictly sexual species. In sexually selfing plants or pollen-independent apomictics, uniparental reproduction allows for rapid colonization of remote areas (Baker 1965) . Z. mackayi is pollinator dependent (Campacci et al. 2017 ) and, therefore, unable to perform selfpollination. Still, the larger geographical range of tetraploids (Gomes et al. 2018 ) suggests they are maintaining or expanding over their area of occurrence even in the presence of putatively low fitness triploids.
Geographical/ecological parthenogenesis may depend on intrinsic effects of polyploidy, rather than apomixis (Levin 1983 , Alonso-Marcos et al. 2019 . Polyploidy is hypothesized to have transformative effects in plant ecology (Ramsey & Ramsey 2014) . Multiple studies in the last few years focused on polyploidy ecology and showed a significant association of polyploidy and phenological traits, plant growth pattern, and even biological interactions (Levin 1983 , Ramsey & Ramsey 2014 . Our results point to a strong association of ecogeographic differentiation and polyploidy, not facultative apomixis, in Z. mackayi. Triploids, although also apomictic in Z. mackayi, do not benefit from facultative apomixis because plants with odd ploidies typically have reduced fertility due to imbalanced meiotic products and the formation of aneuploid gametes (Comai 2005) .
Fitness of triploids may, however, vary among populations as frequency of intermediate cytotypes among populations of Z. mackayi is highly uneven (Gomes et al. 2018) . Although drift may also explain uneven frequencies of cytotypes among populations, especially for montane species such as Z. mackayi, our results do not indicate the occurrence of inbreeding.
Plant breeding systems can have a profound effect on a species ability to occupy new areas, persist and adapt to environmental change (Richards 2003; Hojsgaard & Hörandl 2015) . Recent studies have suggested sporophytic apomixis is important to plant diversification in the Brazilian savannahs (e.g. Mendes-Rodrigues et al. 2011; Sampaio et al. 2013) , but for Z. mackayi, apomixis is likely a consequence of polyploidy. Strictly sexual diploids and facultative apomictic polyploids meet in a secondary contact zone. The occurrence of higher fitness tetraploids added to the role of triploids as a reproductive barrier may play a crucial role in the geographical expansion of apomictic tetraploids of Z. mackayi. Further studies on paternity analyses of intercytotype crosses and comparative fitness of Z. mackayi cytotypes are underway to better understand the role of apomixis and polyploidy in this species. 
